SUMMARY
Vitamin E (dl-c-tocopherol) deficiency in rats increased the sensitivity of liver and muscle initochondria to damage during incubation at various temperatures, irradiation with visible light, or steady state respiration with substrates. In all cases, vitarninE deficient mitochondria exhibited D. increased lipid peroxidatiort, reduced transmembrane potential, decreased respiratory coupling, and lower rates of electron transport, compared to control mitochondria. Muscle mitochondria always showed greater negative inner membrane surface charge density, and were also more sensitive to damage than were liver mitochondria. Vitamin. E deficient mitochondria also showed slightly more negative inner membrane surface charge density compared to controls. The relationship between greater negative surface potential and increased sensitivity td damage observed, provides for a new and sensitive method to further probe the role of surface charge in membrane structure and function. Implications of these new findings for the well known human muscle myopathies and those experimentally induced by Vitamin E deficiency in animals, are discussed.
INTRODUCTION
The biological role of vitamin E (dl-ct-tocopherol) has been extensively discussed. Vitamin E has been shown to act as a poerfui antioxidant in the lipid matrix where itis located(l). Vitamin E also seems to be required as a structuta,l component and can provide stability for membranes containing polyunsaturated fatty acids (2). In addition, vitamin E has been proposed to act as a catalytic or regulatory agent in intermediary metabolism (3). However, at present no detailed hypothesis exists which provides a comprehertsive explanation for the many effects of vitamin E. Since oxidative damage to lipids and proteins will naturally lead to alteration of membrane structure and function, the characterization of such effects may lead to a fuller understanding of the physiological role of vitamin E.
The effect of vitamin E deficiency on tissue oxidation has been the subject of several earlier studies. Excessive rates of respiration from skeletal muscle have been repeatedly demonstrated in nutritional muscular dystrophy produced by deprivation of vitamin E (4). Although some authors have suggested that the increased oxygen consumption might be due to higher ATPase activities in muscle tissue, they were unable to demonstrate any difference in ATPase activity beten muscle and liver homogenates, during the early or late stages of vitamin E deficiency (5). There has been some, evidence that vitamin E deficiency uncouples.oxidative phosphorylation in muscle homogenates (6). A recent review of the literature reporting, on the enzymatic activities of.animala deficient in or supplemented with vitamin E shows different authors claiming contradictory results, thereby adding to the overall state of confusion (7, 8) .
We chose to focus our attention on the protective role of vitamin E against membrane damage. Previous work from our laboratory (9-11) has clearly demonstrated the role of oxidative and photooxidative damage in, the mechanisms of inhibition of electron transport, and uncoupling of -rat liver mitochondria: Flavin containing dehydrogenases (e.g., succinate dehydrogenase) were shown to be the most sensitive, components of inner mitochondrial membranes to photooxidative damage, whenincubatedat temperatures of 100 C or less.. The present.study investigates damage to membrane integrity and structure under conditions (temperature of 26° C, ± illumination,
• shorter times of incubation) where succinate dehydrogenase is only siightl inactivated.. Preparations of liver and muscle mitochondria from control and vitamin E deficient animals have been used in order to elucidate the differential sensitivity of these membranes to. oxidative mechanisms of damage.
•. For studies of light or dark incubation at 26° C, mitochondrial suspensions (10 ml at 10mg/mi) were placed in 50 ml Erlenmeyer flasks and slowly shaken in a water bath at 26° C. Dark samples were incubated under the same conditions, but inside flasks covered with aluminum foil.
Absorption spectra of the mitochondrial suspensions at 0.4 mg protein/mi were measured in a' Dual beam spectrophotometer bewéen 400 nm and 750 nra.
Electron Transport -Rates of oxygen uptake were determined in a Rank oxygen polarograph (Rank Bros., Cambridge, England). Assays were performed at 370 C with 1 mg protein/ml in a .ndium, adapted (14) from that of Dow (16) were 'determined according to Chance & Williams (17) The detection of lipids containing conjugated dienes was performed as follows:
One, milliliter of mitochondrial suspension (equivalent to 10 mg protein) was mixed thoroughly with 5.0 ml of chloroform-methanol (2:1), followed by centrifugation at 1000 x g for 5 min to separate the phases. Of the lower chloroform layer, 3m1 were recovered using a syringe and taken to dryness in a test tube at 450 c under a stream of nitrogen.
The lipid residue was dissolved in 1.5 ml of cyclohexane and the absorbance at 233 nm determined against, a cyclohexane blank. The molar extinction coefficient used was 2.52 x 10 4 Mcm 1 (19).
Surface Potentials -Changes in the electrical surface potential of rnito'chondria were determined from changes in partitioning beween the aqueous and membrane environment of the positively charged paramagnetic amphiphile 4-(decyidimethy1ammonium)-l-oxy1-2,6,6,6-tetraitiyl piperidine bromide (CAT10) and the uncharged spin label 2,2-dimethyl-5,5-methylheptyl-N-oxazolidinyloxyl (2t9). Equal volumes of mitochondrial suspensions (10 mg protein/nil) and of a solution of 0.25 M sucrose, 10 mM KPO4 (pH 7.5), 150pM CAT10 (or 2N9) and 0.5 mM potassium.ferricyanide, were mixed and allowed to equilibrate for about 3 minutes. The electron paramagnetic resonance (EPR) spectra of such suspensions were recorded with a Varian E-109E spectrometer.
The partition was defined as the ratio of spin label concentration in the aqueous medium to the concentration on the membrane. These coricentrations could be readily determined from the EPR spectra of the spin probes At zero time, state Ilirates of respiration were similar for, control and E-liver mitochondria but were lower in E-muscle mitochondria than control muscle mitochondria. All samples showed a steady decrease in state III rates of respiration during incubation (data not shown).
Respiratory control ratios during incubation (+ illumination) were always significantly lower in the E-samples compared to controls, except
El:] in the case of liver mitochondria kept in the dark (Figure 2 ).
The levels of malondialdehyde produced during incubation (Figure 3 )-reveal that zerO time levels were always greater in muscle mitochondria than.in liver mitochondr.ia (for both control and E-samples). Initial rates of formation and the final concentrations of malondialdehyde present, were always larger in illuminated samples. Throughout the incubation, the levels of malondialdehyde were consistently higher in E-samples; furthermore, differences between the concentrations of raalondialdehyde found in Eand controlsamples increased with time Of incubation. In general, when malondialdehyde levels increased above about 4-3 nmoles/mg protein, mitochondria were uncoupled. The measurement of lipids containing conjugated dienes (Table I) indicated that conjugated diene levels increased with time of incubation and were higher in the E-samples.
When incubated on ice in the dark, only E-muscle mitochondria showed a large decrease in RCR, during a 3 hour period (Figure 4 ). The decrease in RCR could be almost totally ascribed to increases in state IV rates of respiration, indicative of uncoupling. State III rates of respiration did not change significantly during the incubation for either control or B-samples. Attempts were made to alter this pattern of respiratory uncoupling in E-samples by addition of the antioxidant hutylated hydroxytoluene (BHT) or the sulfydryl agent (reduced) glutathione ( Figure   5 ). During three hours of incubation, BHT slowed somewhat the rates at which the RCR decreased due to uncoupling of state IV respiration. Both reagents, however, lowered somewhat the levels of malondialdehyde produced.
Uncoupling During Steady State Respiration
The effect of prolonged steady state respiration on the coupling of mitohondria was also studied. Mitochoridria (1 mg/nil) were incubated in an open Rank Oxygen PolarOgraph at 220 C for various lengths of tine in the presence of pyruvate + malate and DCCI). These suspensions were not illuminated.
The 02 concentration in the medium remained approximately 200 M. At various times during incubation, the oxygen polarograph was capped to enable measurement of basal rates of respiration. Maximal rates of respiration were generated by the addition of FCCP and the respiratory control. index (RCI uncoupled rate. of 02 consuinptiort/baal rate of 02 consumption) calculated. It is clear that the control samples always exhibited higher RCI than did Esamples ( Figure 6 ). Furthermore, after 30 minutes of incubation, the only sample that was almost completely uncoupled (RCI 1.2) was the E-muscle. All the others still showed a RCI of 2 or higher. Compared to control samples, the E-samples of muscle mitochondria lost their RCI faster than did E-liver mitochondria.
Surface Potentials
Differences in surface potential arising from the' outer surface of the inner membrane, of muscle and liver initochondria were observed at zero time, and during incubation (± illumination) at 26° C (Figure 7 ). Differences in partitioning of the 2N9 probe between the various samples was negligible,.
implying that hydrophobic interactions with amphipathic probes were not altered.
Surface potential measurements revealed that the surface potential of muscle mitochondria was always substantially more negative than that of liver initochondria. We also observed that E-samples exhibited slightly more negative surface potentials than did control samples, both for muscle and liver mitochondria; these differences were, however, not always significant.
Transmembrane Potentials
Changes in transmernbrane potential generated during respiration, as a function of incubation time (+ illumination) at 26° C are shown in Figure 8 .
For muscle mitochondria, pyruvate-malate was employed as substrate.
In the case of liver mitochondria, trausmembrane potentials generated by this substrate were small and succinate was used instead. Theresults consistently showed that control mitochondria developed a larger transmembrane potential. than did E-mitochondria, that muscle initochondria were more readily inactivated than were liver mitochondria, that when samples were illuminated their capacity to generate transtnembrane potentials
• decreased more readily than that of dark samples, and that when E-samples were illuminated loss of transmembrane potential was more rapid than for controls. :
DISCUSSION Vitamin E deficiency has been clinicaLly impli.cated in muscular and neuromuscular diseases and in the sensitivity of lung, liver, red blood celLs, and platelets todamage. Animal models of vitamin E deficiency have proved extremely useful in the study of many of these phenomena.
Muscle versus liver mitochondria susceptibility to damage0
It. appears that the effects of vitamin E deficiency in rats include marked increases in initochondrial sensitivity to damage. This is particularly conspicuous in the case ofmuscle rnitochondrià and may W11 provide a clue as to why vitamin E deficiency causes nutritional muscular dystrophy (24, 25) and why, in human clinical studies, it has been implicated in neuromuscular in this volume). The direct effects of vitamin E on membrane structure have always been hard to assess owing to its low molar ratio in relation to phospholipids (about 1:200 for the inner initochondr.ial membrane). The important physiological role of (1i-ct-tocopherol in protecting innár mito chondrial membranes, mayarise partially through its antioxidant properties, although its. structural. stabilizing properties may also be important. Since lipid peroxidation may strongly affect structure and permeability, these two aspects may be closely related.
Surface potentials.
The observation of increased sensitivity of mitochondria with greater negative surface potential to damage, and of small changes in membrane surface charge density accompanying vitamin E deficiency, provides a new and sensitive method with which to further investigate the effect of vitamin E deficiency and surface charge on membrane structure and function.
In accord with previous results from our laboratory (9-I1), the macti- The effect of temperature In the overall inactivation also appears to be important. Earlier experiments performed with liver mitochondria at 100 C showed that the respiratory control ratio was still high after 12 hours of incubation in the dark, and that loss of state III respiration follod succinate dehydrogenase inactivation during illumination (10. In the present study, show that when incubated at 26° C. both liver and,muscle mitochondria ± illumination) loose their respiratory control, and state III rates of respiration decrease by 75% within 3 hours. Since succinate dehydrogenase is only 30% inactivated even in the light, decreased rates of substrate dehydr oge na t ion-cannot explain the loss of overall electron transport. It appears possible that decreased state III rates are precipitated by, diminished electron transport beten respiratory components in the disrupted inner 13 membranes. Clearly, at higher temperatures (26° C), modifications of the electron transport chain and/or the structural integrity of the membrane are more severe than at 10° C. The lack of protective effect of reduced glutathione suggests that sulfhydryl groups are probably not involved in the mechanisms of inactivation. The increased perturbations to membrane integrity at higher temperatures could afford an explanation to some of the damage we observe in muscle following exercise (26), since it is well known that during physical activity the temperature of muscle tissue
• increases significantly (27). Moreover, the decreased levels of 1atncy
for cellular enzynes and in respiratory control of tnitochondria,and the
• increased levels of lipid peroxidation and stable tissue radicals, which accompany vitamin E deficiency in rats (26), may account for the lower exercise endurance capacity of these animals. Uncoupled rates were obtained following the addition of FCCP.
Standard deviation in respiratory control index was ± 0.2. 24 . 
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